Neutrophils and monocytes are the first cells to migrate to infected or injured tissue, forming the initial response of the immune system. Myeloid cells are particularly well equipped to deal with bacterial infections because they can phagocytose microorganisms and kill them through induction of the respiratory burst (55) . Additionally, myeloid cells synthesize and release cytokines, chemokines, and many other factors that influence immune responsiveness.
Among the most abundant proteins expressed by myeloid cells are MRP-8 (S100A8) and MRP-14 (S100A9), which, in humans, form a heterodimer constituting Ϸ45% of neutrophil and Ϸ1% of monocyte cytosolic proteins (9, 19, 31, 36) . Human MRP-8 and MRP-14 are also constitutively expressed by secretory epithelia and can be induced in a broader range of epithelia, such as keratinocytes, following infections (11) . MRP-8 and MRP-14 are members of the S100 family of Ca 2ϩ binding proteins, which consists of 19 proteins, each with relatively cell type-specific expression (5, 14, 17) . The majority of the S100 genes are tightly clustered together on chromosome 1q21 in humans and chromosome 3 in the mouse (45) . S100 proteins contain two EF hand Ca 2ϩ binding motifs with the second being classical and the first having an atypical 14-residue loop coordinating the Ca 2ϩ ion. The abundance and Ca 2ϩ binding ability of S100 proteins suggested that they might act as Ca 2ϩ buffers, but more recent evidence that Ca 2ϩ binding both induces conformational change and regulates function in S100 proteins indicates that these proteins function as Ca 2ϩ sensors (1, 8, 16, 17) .
Human MRP-8 and MRP-14 are detected extracellularly on the vasculature at inflammatory sites where myeloid cells migrate into tissues, suggesting that secretion of the proteins may influence leukocyte trafficking (21, 44) . S100 proteins lack conventional signal sequences, and the mechanism by which they are released from cells is poorly understood. One report, however, suggests that the MRP proteins are secreted by monocytes through a tubulin-dependent mechanism (41) . Several classes of MRP-8/MRP-14 receptors have been described recently, all of which are expressed by the vasculature. MRP-8 and MRP-14 have been shown to bind to CD36 (26) , to special carboxylated N-glycans (50) , and to heparin-like glycosaminoglycans (44) . In addition, S100A12 (also called MRP-6 and EN-RAGE), which is closely related to MRP-14, binds to the scavenger receptor RAGE, which has a central role in inflammatory responses (20) .
Extracellular functions associated with the immune response have been ascribed to several S100 proteins. Murine MRP-8, also called CP-10, has been characterized as a potent chemotactic factor for myeloid cells, with activity at 10 Ϫ13 M (28, 29) . Other family members, S100A12 (20) , psoriasin (S100A7) (25) , and S100L (S100A2) (27) , have also been reported to be chemotactic but have been less extensively characterized. MRP-14 differs from other S100 proteins in having an extended Cterminal sequence of 23 residues which is identical to a factor described as having migration-inhibitory activity for human myeloid cells (10) . Whether the S100 proteins act to promote or prevent cell migration is therefore a key issue. MRP-8 also appears to be required for embryo development, as MRP-8 gene deletion has been reported to cause lethality by day 9.5 of murine development (38) .
In humans, MRP-8 and MRP-14 exist as both heterodimers and higher-order complexes (9, 24, 51) . In the mouse, there is evidence that MRP-8 and MRP-14 exist separately (28, 40) . In spite of these differences, mouse and human MRP-14 are considered functionally homologous proteins (34, 40) . In order to gain insight into the physiological role of MRP-14, we generated MRP-14 Ϫ/Ϫ mice and focused our investigation on examining the functions of myeloid cells deficient in this protein. Surprisingly, MRP-14 appears to be dispensable for many important calcium-dependent aspects of myeloid cell function.
MATERIALS AND METHODS

Disruption of MRP-14 gene.
A comparison of the murine (31) and human (36) MRP-14 cDNA sequences with the human MRP-14 genomic sequence (30) , coupled with the information that genomic structure is conserved across species in this gene family (42) , allowed prediction of the probable intron and exon boundaries of the murine MRP-14 gene. A 230-bp PCR-generated product from murine exon 3 was used to probe a murine 129Sv genomic library. A lambda phage clone containing 10.8 kb of the MRP-14 gene in three EcoRI fragments of 4, 0.3, and 6.5 kb from 5Ј of exon 1 to 3Ј of exon 3 was isolated (see Fig. 1 ). A selection cassette containing stop codons in all three reading frames and containing the lacZ/neo sequence was targeted to a unique BamHI site introduced immediately following the ATG start codon in exon 2.
Electroporated GK 129 embryonic stem (ES) cell clones containing a single targeted allele were identified by Southern analysis with probe E, a 650-bp SacI-BglII restriction fragment located immediately 3Ј of the targeting construct. BglII digests of wild-type and mutant alleles yielded probe E-hybridizing fragments of 4.7 kb and 9.8 kb, respectively. Correctly targeted ES cell clones were injected into C57BL/6 mouse blastocysts. Chimeric mice and subsequent 129Sv ϫ C57BL/6 backcross generations were genotyped by Southern hybridization with probe E.
Alternatively, PCR genotyping was performed with the oligonucleotide primers GF1 (AACATCTGTGACTCTTTAGCC), GB1 (CATCTGAGAAGGTGC TTTGTT), and GNeo (ACCGCTTCCTCGTGCTTTACG). PCR of the wildtype allele produced a 300-bp product, whereas PCR of the mutant allele produced a 100-bp product. The reported experiments were carried out on two independently derived strains of MRP-14 Ϫ/Ϫ and MRP-14 ϩ/ϩ littermate mice of backcross generation 3 to 5. The mice were maintained under specific-pathogenfree conditions and in accordance with United Kingdom Home Office regulations. Myeloid cell preparation. Murine bone marrow leukocytes were harvested by flushing both femurs and tibiae with the relevant assay buffer. Erythrocytes were lysed with 0.144 M NH 4 Cl-0.017 M Tris-HCl, pH 7.2.
MRP-specific antibodies. Rat monoclonal antibody (MAb) 2B10 (immunoglobulin G2a [IgG2a]) was derived from an immunization with recombinant full-length murine MRP-14 (R. May, unpublished data). MAb 2B10 does not react with MRP-8, human MRP-6, -8, or -14 proteins, or S100B protein (data not shown). In flow cytometric assays, fluorescein isothiocyanate (FITC)-conjugated MAb 2B10 was tested with a comparably FITC-conjugated rat IgG2a isotype control MAb. Rabbit anti-MRP-8 was raised against synthesized full-length murine MRP-8 and was specific for MRP-8 when tested as described above (data not shown).
Immunohistochemistry. Sections (4 m) were cut from paraffin-imbedded tissues and microwaved for 10 min at 700 W. Sections were then stained with rat MAb 2B10 and the IgG2a isotype control (10 g/ml) in Tris-buffered saline, pH 7.6, for 40 min at room temperature, followed by biotinylated rabbit anti-rat Ig (1:100, Vector Laboratories) for 40 min at room temperature, and then StreptABComplex-horseradish peroxidase was used according to the manufacturer's instructions (Dako Ltd.), and finally, the sections were exposed to 0.5 mg of 3,3Ј-diaminobenzidine per ml for 2 to 3 min. Slides were counterstained in Harris' hematoxylin.
Flow cytometry. Bone marrow leukocytes or peritoneal lavage cells were suspended in FACSwash (phosphate-buffered saline containing 0.2% bovine serum albumin). Leukocytes were subjected to double immunostaining with MAbs 7/4 (Caltag Medsystems) and Gr-1 (BD Biosciences) in order to distinguish neutrophils (7/4 high, Gr-1 high) and monocytes (7/4 high, Gr-1 intermediate) (R. Henderson, unpublished data). The cells were either incubated with phycoerythrin (PE)-7/4 (1:20) and FITC-Gr-1 (1:200) for 20 min or stained with biotin-Gr-1 (1:50, Pharmingen) and then stained with peridinin chlorophyll protein-streptavidin (1:200, BD Biosciences) and PE-7/4 (1/20). To label cytosolic MRP-14, the cells were fixed with 4% formaldehyde, permeabilized with 0.5% saponin, and then labeled with MAb FITC-2B10 and control MAb FITCIgG2a (both at 5 g/ml).
To identify individual classes of blood leukocytes, 50 l of blood was incubated with 50 l of saturating antibody solution (FITC-Gr-1, FITC-B220, PE-NK1.1, PE-CD4, FITC-CD8 [BD Biosciences], or PE-7/4) for 30 min at room temperature. Cells were washed in FACSwash, and erythrocytes were lysed with FACSlysing solution (BD Biosciences) according to the manufacturer's instructions. Absolute cell counting was performed by adding a known quantity of calibration beads (CaliBrite; BD Biosciences) to a known sample volume as previously described (23 RNA isolation and RNase protection assay. Bone marrow cells were lysed, and extraction of RNA, probe preparation, and RNase protection assays were performed as described before (22) . The probes corresponded to the full-length cDNA sequences of murine MRP-8 (343 bp, coding for residues 1 to 89) and MRP-14 (488 bp, coding for residues 1 to 113) and served as templates for the generation of 32 P-labeled antisense riboprobes. A glyceraldehyde-3-phosphate dehydrogenase probe was used as a control.
In situ hybridization. Specific localization of the mRNA for MRP-8 was accomplished by in situ hybridization with antisense riboprobes. The template for the MRP-8 riboprobe synthesis was identical to that used for the RNase protection assay (see above). cRNA probe labeled with [ 35 S]UTP (Ϸ800 Ci/ mmol; Amersham) was prepared as a runoff transcript from HindIII-linearized plasmid with T7 RNA polymerase. An antisense ␤-actin probe was used as a control. All in situ hybridization was performed on 4-m serial sections of formalin-fixed, paraffin-embedded embryonic tissue at 6.5, 7.5, and 14 days post coitum (d.p.c.). The methods for treatment, hybridization, washing, and dipping of slides in photographic emulsion for autoradiography were described previously (47) . Autoradiography was carried out at 4°C for 7 or 10 days before developing and counterstaining with Giemsa stain.
Two-dimensional isoelectric focusing and sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Bone marrow leukocytes (10 8 /ml) were lysed in 8 M urea-4% CHAPS (3-[(cholamidopropyl)-dimethylammonio]-1-propanesulfonate)-40 mM Tris base containing Complete EDTA-free protease inhibitor cocktail (Roche) for 1 h at room temperature, followed by 1:4 lysate dilution in 8 M urea-2% CHAPS-5% glycerol-65 mM dithiothreitol-0.5% immobilized pH gradient buffer. The lysate was separated by isoelectric focusing with an immobilized pH gradient (IPGphor) 18-cm strip with a linear pH range of 3 to 10, according to the manufacturer's protocol (Amersham Pharmacia Biotech). The strips were then transferred onto a vertical sodium dodecyl sulfate-17.5% polyacrylamide gel. Protein spots were visualized with colloidal Coomassie blue. Two groups of four MRP-14 ϩ/ϩ and four MRP-14 Ϫ/Ϫ bone marrow lysates were compared with PDQuest two-dimensional gel analysis software (Bio-Rad, version 6.2). A total of 175 proteins were analyzed on each of the eight gels. The Mann-Whitney test was used to test for proteins that had been significantly altered between the groups.
Western blotting. Western blotting was carried out on bone marrow cell lysates, separated by sodium dodecyl sulfate-17.5% polyacrylamide gel electrophoresis and followed by transfer to nitrocellulose. MRP-14 was detected with MAb 2B10 (2 g/ml) and compared to control IgG2a, followed by goat anti-rat immunoglobulin-horseradish peroxidase conjugate (1:500, Southern Biotechnology). MRP-8 was detected with rabbit anti-MRP-8 (1:1,000) and compared with control rabbit serum, followed by goat anti-rabbit immunoglobulin-horseradish peroxidase conjugate (1:10,000; Dako Ltd.).
Leukocyte density analysis. A 1.097-g/ml solution of isoosmotic Percoll in 0.15 M NaCl (Amersham Pharmacia Biotech) was prepared and used to create a 9-ml self-generating continuous gradient as described by the manufacturer (running conditions: 23°angle-head rotor, 30,000 ϫ g, 25°C, 12 min). The gradient was calibrated between 1.018 and 1.138 g/ml with density marker beads (Amersham Pharmacia Biotech). Bone marrow leukocytes at 5 ϫ 10 7 /ml in Hanks' balanced salt solution (Sigma Aldrich) were layered onto the preformed gradient at 1 ml/tube and centrifuged at 700 ϫ g at 21°C for 30 min. The mean buoyant density of the cellular bands was calculated with density marker bead calibration, and the composition was determined by flow cytometric analysis as described above.
Measurement of intracellular calcium. Bone marrow leukocytes (10 7 /ml in Hanks' balanced salt solution, 1 mM Ca 2ϩ , 0.5% bovine serum albumin) were loaded with indo-1-acetoxymethyl ester (Indo-1; Cambridge Bioscience) at 30°C as described before (32) . Cells were then stained with MAbs PE-7/4 and FITCGr-1 and maintained at 30°C prior to use. Intracellular calcium was monitored with a BD LSR flow cytometer (FL-4 530/30-nm BF filter, FL-5 424/44-nm BF filter; Becton Dickinson). Stimuli used were MIP-2 (Peprotech) and ionomycin (Calbiochem). Data were analyzed with FlowJo software (Tree Star Inc.).
Leukocyte chemotaxis assay. Bone marrow leukocytes (5 ϫ 10 6 /ml in Hanks' balanced salt solution, 10 mM HEPES, 1 mM Ca 2ϩ , 0.2% bovine serum albumin) were added to Transwell plates according to the manufacturer's instructions (3-m pore; Corning). Cells were allowed to migrate for 2 h at 37°C towards MIP-2 (Peprotech) at 0.1 to 500 ng/ml or towards medium alone. The number of neutrophils and monocytes that migrated was determined by flow cytometry as described above.
Measurement of neutrophil superoxide production. The production of superoxide was measured as described before (49) . Briefly, bone marrow leukocytes (2 ϫ 10 6 /ml in Hanks' balanced salt solution) were labeled with 0.1 M dihydrorhodamine 123 (Cambridge Bioscience) for 5 min at 37°C prior to stimulation with phorbol-12,13-dibutyrate (PDBu; Calbiochem) at 50 to 200 nM for 30 min.
The superoxide production of neutrophils and monocytes was analyzed by flow cytometry.
Phagocytosis. Bone marrow leukocytes (6 ϫ 10 5 in 150 l of Dulbecco's modified Eagle's medium-10% fetal bovine serum) were combined with 150 l of reconstituted fluorescein conjugated Escherichia coli K-12 particles (Molecular Probes) and incubated at 37°C. At time points between 0 and 8 h, the fluorescence of extracellular bacteria was quenched by adding trypan blue dye as described previously (54) . Neutrophil and monocyte phagocytosis was analyzed by flow cytometry as described above.
Apoptosis. Bone marrow leukocytes (2.5 ϫ 10 6 /ml in Dulbecco's modified Eagle's medium-10% fetal bovine serum) were incubated at 37°C together with either 1 M ionomycin (Calbiochem) or 2.5 M thapsigargin (Calbiochem). At time points from 0 to 8 h, cells were stained with MAbs PE-7/4 and FITC-Gr-1 and resuspended in phosphate-buffered saline containing 0.1 M LDS 751 (Exciton) for 20 min. 4Ј,6Ј-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was added to a final concentration of 0.1 g/ml, and samples were analyzed with a BD LSR flow cytometer (Becton Dickinson).
Thioglycolate-induced peritonitis. Peritonitis was induced in twelve to twentyweek-old mice by intraperitoneal injection of thioglycolate (3% [wt/vol] in 0.5 ml of sterile saline; Sigma Aldrich), as described elsewhere (18) . At various time points up to 72 h, peritoneal cavities were lavaged, leukocytes in the lavage fluid were counted, and the proportions of neutrophils, monocytes, and other leukocytes were determined by flow cytometry as described above. Six to eight mice of each genotype were analyzed at each time point.
RESULTS
Generation of MRP-14-deficient mice. The MRP-14 gene was disrupted in ES cells with a replacement-type targeting vector and the strategy shown in Fig. 1A . ES cells were electroporated, and of 196 neomycin (G418)-resistant clones, 13 were correctly targeted. Two targeted clones were injected into C57BL/6 mouse blastocysts, and two independent strains of MRP-14 Ϫ/Ϫ mice were established. The MRP-14 wild-type and mutant alleles were distinguished both by Southern hybridization with probe E following BglII digestion of mouse tail DNA (Fig. 1B) and by a PCR-based assay (Fig. 1C) .
Interbreeding of MRP-14 heterozygotes yielded the proportions of 1.0:1.9:1.0 for wild-type-heterogeneous-null mice, approximating the expected ratio for Mendelian inheritance. The MRP-14 Ϫ/Ϫ mice, which were maintained in specific-pathogen-free conditions, had no detectable tissue or organ abnormalities and lived a normal life span.
The liver, kidney, large and small intestine, skin, thymus, peripheral lymph nodes, and spleen from MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ mice were examined by immunochemistry with MAb 2B10. Positive MRP-14 staining was restricted to myeloid cells and most readily observed in spleen sections of MRP-14 ϩ/ϩ mice ( Fig. 2A and C) . No staining was evident in the spleen sections of MRP-14 Ϫ/Ϫ mice (Fig. 2B) . The basic organization of the spleen is similar in MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ mice, and similar numbers of myeloid cells were found in spleens from both types of mice (data not shown).
Lack of MRP-14 expression in MRP-14 ؊/؊ monocytes and neutrophils. In order to determine the expression levels of MRP-14 in neutrophils and monocytes from MRP-14 ϩ/ϩ and MP-14 Ϫ/Ϫ mice, a flow cytometry-based method was developed (R. Henderson, unpublished data). Bone marrow neutrophils and monocytes from MRP ϩ/ϩ and MRP-14 Ϫ/Ϫ mice express the epitope recognized by MAb 7/4 at similar high levels (Fig. 3A) . In MRP-14 ϩ/ϩ mice, the MAb 7/4-positive population was composed of two subsets of cells (R2 and R3) expressing different levels of MRP-14 (Fig. 3B) . These populations corresponded to monocytes (R2, low MRP-14) and neutrophils (R3, high , as demonstrated by their forward and side scatter profiles (data not shown) and their differential staining with MAb Gr-1 (Fig. 3C) . The same two classes of myeloid cells were also labeled in a comparable manner with MAb 2B10 when murine blood and spleen were examined (data not shown (Fig. 4B) . The MAb 2B10 staining conditions were such that MRP-14 protein was not detectable in the MRP-14 Ϫ/Ϫ cells at even when used at Ͼ256 times the amount used for the MRP-14 ϩ/ϩ cells (data not shown).
Although MRP-8 mRNA expression appeared normal in the RNase protection assay, no MRP-8 protein was detected in MRP-14 Ϫ/Ϫ cells by Western blot analysis with an MRP-8-specific polyclonal antibody (Fig. 4B) . MRP-8 protein was not detectable in MRP-14 Ϫ/Ϫ cells even when the antibody was used at Ͼ100 times the amount used for wild-type lysates (data not shown).
Finally, we compared MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ bone marrow lysates by two-dimensional gel analysis. The only proteins that were significantly altered out of 175 proteins that were examined corresponded to MRP-8 and MRP-14, both of which were missing in MRP-14 Ϫ/Ϫ lysates (Fig. 4C) . These data were confirmed by Western blot analysis of the twodimensional gels (data not shown). Two-dimensional gel analysis also did not reveal any obvious compensatory increases in other proteins which might balance the loss of MRP-8 and MRP-14, nor was there an overall general increase in protein content to compensate for the loss of the specific MRP proteins ( Fig. 4C and data not shown) . Furthermore, using reverse transcription-PCR, we could detect no alterations in bone marrow expression of S100A1 (7) or S100A4 (15) , which are expressed generally by leukocytes (data not shown).
Expression of MRP-8 mRNA during embryonic development in MRP-14 ؊/؊ mice. MRP-8 has been reported to be expressed between days 6.5 and 8. ϩ/ϩ sections ( Fig. 5A and B) . In MRP-14 Ϫ/Ϫ sections, MRP-8 mRNA had the same localization pattern as in the MRP-14 ϩ/ϩ sections, but the expression levels were substantially diminished (Fig. 5E and F) . The MRP-8 mRNA was localized to the maternal decidual tissue in both MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ sections. By 14 d.p.c., MRP-8 was detected exclusively in myeloid cells in the liver of a control C57BL/6 embryo (Fig. 5D) . As a positive control, ␤-actin showed a wide distribution of staining in both embryonic and maternal tissues ( Fig. 5C and G) . Normal numbers and morphology but difference in density of MRP-14 ؊/؊ myeloid cells. The absence of both MRP-8 and MRP-14 had no significant effect on the number of circulating neutrophils or monocytes (Fig. 6A) . The numbers of circulating CD4 and CD8 T lymphocytes, B lymphocytes, and NK cells were also unaffected (Fig. 6A) . Furthermore, there were no obvious ultrastructural differences between MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ neutrophils (Fig. 6B ) and monocytes (data not shown) by transmission electron microscopy of either peripheral blood-or bone marrow-derived cells (data not shown).
The density of neutrophils from MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ mice was measured by Percoll density gradient centrifugation. Two distinct bands were observed in processed gradients from both types of mice. An upper, less dense band with a mean buoyant density of 1.0439 g/ml was present in both MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ samples. This band consisted of Ϸ5% total neutrophils. The second, denser cellular band had a lower mean buoyant density in the MRP-14 Ϫ/Ϫ samples (1.0811 g/ml) in comparison with the MRP-14 ϩ/ϩ samples (1.0836 g/ml). This band was found to contain Ϸ80% of the total number of neutrophils loaded onto the gradient in both the MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ samples. Thus, there was a significant difference of 2.5 mg/ml in density between MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ neutrophils.
Calcium responses in MRP-14
؊/؊ neutrophils. To test whether the loss of such major calcium-binding proteins had an impact on intracellular calcium signaling, we investigated calcium flux induced in bone marrow neutrophils. Cells were loaded with Indo-1 dye, and neutrophils were identified by staining with MAbs 7/4 and Gr-1. Calcium-induced fluorochromatic changes were measured by flow cytometry. The basal level of intracellular Ca 2ϩ was consistently higher in MRP-14 Ϫ/Ϫ neutrophils than in wild-type cells (Fig. 7A) . The chemokine MIP-2 produced a Ca 2ϩ flux in wild-type and MRP-14 Ϫ/Ϫ neutrophils from a threshold level of 0.1 ng/ml to a peak response at 5 and 10 ng/ml. At maximal doses of MIP-2, the levels of intracellular calcium in MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ neutrophils were identical, but at lower concentrations of stimulant, the response of MRP-14 Ϫ/Ϫ neutrophils was significantly diminished (Fig. 7A and B) . For example, the average change in intracellular calcium levels produced by 1 ng of MIP-2 per ml in MRP-14 Ϫ/Ϫ neutrophils was 40% lower than that seen in MRP-14 ϩ/ϩ cells (Fig. 7B) . The rate of decay of the calcium transients was similar for MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ neutrophils. Maximal responses to the Ca 2ϩ ionophore ionomycin (Fig. 7C ) and the Ca 2ϩ mobilizer thapsigargin (data not shown) were similar for MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ neutrophils in the absence and presence of extracellular calcium (data not shown).
Effect of MRP-14 deletion on neutrophil function in vitro.
To test whether the lack of MRP-8 and MRP-14 resulted in defects in any key neutrophil activities, a number of in vitro functional assays were performed. The ability of neutrophils to migrate from the vasculature into tissue was modeled in vitro with the Transwell chemotaxis assay. Migration of neutrophils to the CXC chemokine MIP-2 was unaffected by the absence of MRP-14 over a MIP-2 concentration range from 0.1 to 500 ng/ml, and MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ neutrophils showed a similar bell-shaped curve of responsiveness (Fig. 8A) . There was also no difference in the chemotactic response to MIP-2 when cells migrated across a tumor necrosis factor alpha-stimulated bEND5 endothelial cell monolayer (data not shown). The induction of the respiratory burst was tested by evaluating the ability of reactive oxygen products to oxidize dihydrorhodamine in response to the phorbol ester PDBu (49) . There was no difference in the ability of neutrophils (Fig. 8B ) or monocytes (data not shown) from MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ mice to perform this activity. Preliminary experiments in which the kinetics of the oxidative burst were analyzed through oxidation of cytochrome c also revealed no differences between the two types of neutrophils (data not shown).
The ability of MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ myeloid cells to phagocytose FITC-labeled E. coli was tested. The occurrence and extent of phagocytosis by monocytes and neutrophils were evaluated by flow cytometry after quenching of extracellular bacterial fluorescence with trypan blue. Neutrophils were the major phagocytic population in freshly isolated bone marrow cells, but monocytes became phagocytic following 1 day of culture with interleukin-3 (data not shown). There was no difference between either neutrophils (Fig. 8C ) or monocytes (data not shown) from MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ mice in uptake of FITC-E. coli or in the percentage of positive phagocytes over a time course ranging from 0 to 8 h.
Neutrophil apoptotic responses to the Ca 2ϩ mobilizers ionomycin and thapsigargin were measured with LDS/DAPI staining and flow cytometric analysis. Cells were stimulated for up to 8 h with no clear difference in the proportions of live to apoptotic to dead cells between neutrophils (Fig. 8D) seen with either gliotoxin, tumor necrosis factor alpha, or staurosporine-induced apoptosis (data not shown) or in spontaneous cell death in culture over several days (data not shown).
Response of MRP-14
؊/؊ mice to inflammatory stimulus. The ability of MRP-14 Ϫ/Ϫ neutrophils and monocytes to mount an acute inflammatory response was tested in vivo with thioglycolate-induced peritonitis. Thioglycolate was injected intraperitoneally, and at selected time points, the elicited leukocytes were harvested, stained, and identified by flow cytometry. No significant difference was seen in the rate of either neutrophil (Fig. 9A) or monocyte (Fig. 9B) influx between MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ mice. Similar results were observed with the air pouch model in response to the inflammatory agent lipopolysaccharide (data not shown). We then examined the entry of other classes of leukocyte into the peritoneum over a longer time period in response to the stimulant thioglycolate. No difference was seen between MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ mice in the number of elicited eosinophils, B cells, or CD4 or CD8 T cells (Fig. 9C) .
DISCUSSION
In this study, we characterized mice that were deficient in the S100 protein MRP-14 (S100A9). Although there was normal expression of MRP-8 mRNA in the MRP-14 Ϫ/Ϫ myeloid cells, surprisingly, no MRP-8 protein was present. The absence of MRP-8 protein could be due to inefficient translation of MPR-8 mRNA or, more likely, due to instability of MRP-8 protein in the absence of its partner, MRP-14. This finding contrasts with evidence that murine MRP-14 and MRP-8 (CP-10) exist separately in myeloid cells (28, 40) and that CP-10 alone can function as a potent chemotactic factor (28, 29) . In addition, immunohistochemical studies of mouse tissues show that MRP-14 (this study) and MRP-8 (data not shown) are coexpressed in myeloid cells. In support of this finding, the heterodimer can be isolated from spleen (data not shown) and bone marrow (13) . Information from physical studies with the human proteins indicates that MRP-8 and MRP-14 form a heterodimer more readily than either forms a homodimer and that human MRP-8 in particular is unstable in the absence of human MRP-14 (24) . This evidence suggests that MRP-8 and MRP-14 usually form a heterodimer in murine myeloid cells as they do in humans. MRP-14 Ϫ/Ϫ mice have normal organs and tissues and live a normal life span despite lacking both MRP-14 and MRP-8 proteins. This situation contrasts with MRP-8 Ϫ/Ϫ mice, which die in utero (38) . MRP-8 mRNA has been reported to be expressed by cells surrounding the ectoplacental cone between 6.5 and 8.5 d.p.c. (38) . In agreement with these findings, we show that MRP-8 mRNA is expressed at 6.5 and 7.5 d.p.c. in MRP-14 ϩ/ϩ and to a lesser extent in MRP-14 Ϫ/Ϫ sections. Preliminary evidence indicates that MRP-8 protein is also expressed in this context (data not shown). Our observations conflict with those of Passey et al. in that we observed that MRP-8 mRNA expression was associated with maternal decidual tissue rather than localized to the embryonic ectoplacental cone. However, the results suggest that in MRP-14 Ϫ/Ϫ mice, MRP-8 can be expressed either alone or with a partner other than MRP-14. The nature of the cells expressing MRP-8 is presently unknown. These findings provide an explanation for why our MRP-14 Ϫ/Ϫ mice are viable. The lack of the MRP proteins had no effect on the number of tissue or circulating monocytes, neutrophils, lymphocytes, or NK cells or on myeloid cell numbers in lymphoid organs such as the spleen and bone marrow. The architecture of lymphoid tissues such as the spleen, where myeloid cells are easily detectable, was unaltered in MRP-14 Ϫ/Ϫ mice. In humans, the MRP proteins are expressed constitutively by specific secretory epithelial tissues (19, 43) and hair follicles (46) . In contrast, our immunohistochemical observations suggest that there is no similar constitutive staining of MRP proteins in murine epithelia (data not shown). However, other studies suggest that mRNAs for both MRP-14 and MRP-8 can be induced when skin is subjected to proinflammatory stress, such as wounding or phorbol ester treatment (12, 52) .
In addition, several lines of evidence suggest that myeloid cells from the MRP-14 Ϫ/Ϫ mice are equivalent in maturity to those from the MRP-14 ϩ/ϩ mice. We detected no differences between MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ neutrophils in the expression of adhesion receptors (e.g., L-selectin and the integrins Mac-1, LFA-1, and ␣4␤1), constitutively or following activation with MIP-2, tumor necrosis factor alpha, or phorbol ester (data not shown). The loss of the MRP proteins also had no impact on the ultrastructure of the myeloid cells, as deter- mined by transmission electron microscopy, which is in keeping with the cytosolic localization of the proteins (9) . However, the absence of the proteins results in a decrease in mean cellular density of 2.5 mg/ml in MRP-14 Ϫ/Ϫ compared with MRP-14 ϩ/ϩ neutrophils. This difference in density had no impact on the flow cytometric scatter properties (data not shown), confirming that neither the size nor the granularity of the cells was altered. The MRP proteins therefore have no role in either maintaining the cytoplasmic architecture of myeloid cells or determining their development or differentiation.
Murine MRP-14 protein is abundantly expressed, constituting 10 to 20% of neutrophil soluble protein (34) . Similarly, human MRP-8/MRP-14 complex constitutes 45% of the cytosolic protein of neutrophils and Ϸ1% of monocytes (9) . It might therefore be expected that the loss of MRP-14 and MRP-8 would be compensated for by an increase in other S100 proteins. Human myeloid cells also express S100A12, which is not complexed to MRP-8 or MRP-14 (43, 53) . However, a search of murine genomic sequences indicates that the mouse does not possess an equivalent to the S100A12 gene (data not shown). S100A4 is expressed in some murine leukocytes (15) , and S100A1 is widely expressed in murine tissues (7), but expression of both was unaltered in MRP-14 Ϫ/Ϫ bone marrow cells (data not shown). Studies of mice deficient in other S100 protein family members have also indicated the lack of compensatory increases in associated S100 family members. In S100A1 Ϫ/Ϫ mice, cardiac cells do not upregulate S100 isoforms S100B, S100A4, and S100A11, which are coexpressed (7), and in S100B Ϫ/Ϫ mice, there is no compensatory upregulation of S100A1 or S100A6 (35) . Similar to MRP-8 and MRP-14 in myeloid cells, S100A1 is expressed abundantly at Ϸ10 M in left ventricular cardiomyocytes (7) . Thus, it appears that myeloid and other cell types can develop and function reasonably normally in the absence of their distinctive S100 proteins.
As the MRP proteins have two EF hand Ca 2ϩ binding motifs characteristic of the S100 protein family, an issue of importance was whether the myeloid cells from MRP-14 Ϫ/Ϫ mice could maintain appropriate cellular levels of Ca (24) . In addition, analysis of the crystal structures of S100A6 (37) and S100B (6) in the presence and absence of Ca 2ϩ shows conformational change in the S100 dimer, leading to the exposure of a hydrophobic patch which provides a docking site for interaction with other proteins on each monomer, thereby propagating the Ca 2ϩ signal. There are now a number of situations where such Ca 2ϩ -induced changes in S100 proteins have been demonstrated to have biological relevance. For example, S100B inhibits p53 phosphorylation by protein kinase C in a Ca 2ϩ -dependent fashion (1) . The giant kinase twitchin is activated by S100A1 in a Ca 2ϩ -and Zn 2ϩ -dependent manner (16) . S100␤ activates photoreceptor guanylate cyclase (8) and also the nuclear Ndr serine/threonine kinase with dependence on Ca 2ϩ (33) . Ca 2ϩ binding affinities have yet to be measured for MRP-8 and MRP-14, but other S100 proteins bind Ca 2ϩ in the microto millimolar range (17) . An issue of interest is how MRP-8 and MRP-14 and other S100 proteins might be involved in the normal calcium signaling activities of cells and how their affinities for calcium may be modulated. Several S100 proteins, including MRP-14, bind Zn 2ϩ (40, 44) , which can increase the affinity for Ca 2ϩ (2, 17) , potentially by modulating the variant EF hand loop (4). In addition, intracellular conditions such as association with certain binding partners may favor conformational changes leading to higher Ca 2ϩ binding affinities. A most relevant issue is whether myeloid cell function is dependent upon the Ca 2ϩ binding activity of MRP-8 and MRP-14. Neutrophils are the first cells at sites of tissue injury, closely followed by monocytes. Many key neutrophil functions have been documented to require Ca 2ϩ (39) , and it was therefore unexpected that there was no difference in numerous functions of either monocytes or neutrophils from MRP-14 ticularly of interest that the diminished level of Ca 2ϩ response to suboptimal levels of the chemokine MIP-2 in MRP-14 Ϫ/Ϫ neutrophils had no impact on their chemotactic response to MIP-2. Furthermore, Ca 2ϩ dysregulation is an important factor leading to cell apoptosis (3), and it seemed a reasonable speculation that the MRP proteins might act to stabilize Ca 2ϩ levels in myeloid cells under apoptosis-inducing conditions. However, no difference was observed in the rate of either apoptosis or cell death in neutrophils and monocytes of MRP-14 Ϫ/Ϫ versus MRP-14 ϩ/ϩ mice. As in vitro assays never fully reproduce the situation in vivo, it was anticipated that the response to an inflammatory signal or to an infection might reveal a difference between the MRP-14 ϩ/ϩ and MRP-14 Ϫ/Ϫ mice. Surprisingly, analysis of the responses of neutrophils, monocytes, and other leukocytes to thioglycolate-induced peritonitis over a 72-h time course showed no difference in the ability of MRP-14 Ϫ/Ϫ and MRP-14 ϩ/ϩ mice to respond to this challenge. The response to Leishmania donovani is now recognized to be dependent on Gr-1-positive leukocytes, potentially neutrophils (48) . Preliminary results show no effect of MRP-14 deletion on the early response to L. donovani (P. Kaye, personal communication). In summary, these results suggest that MRP-14 and MRP-8 do not have a general function in myeloid cell development or in the proinflammatory responses of these cells. A search is presently under way for further models where the lack of these abundant proteins might have substantial impact. 
